Summary: A sensitive immunoassay based on latex particle agglutination for the measurement of circulating j IgE-containing complexes is described. In this method, the anti-IgE-coated particles are incubated with !' diluted serum and the resulting agglutination is quantified by turbidimetry or particle counting. In the latter \ Version, the assay is fully automated in a continuous flow System. IgE-containing complexes were detected i in all tested sera. Increased concentrations were observed in about 80% of the subjects with elevated serum j IgE. However, high levels of IgE-complexes may also be found in subjects with a normal or even a very low j serum concentration of IgE.
Introduction
., r " . . f ê vidence of a naturally occurnng IgM type of autoanThe discovery of the IgE immunoglobulin class and tibody directed against IgE. Raised levels of the auits reaginic antibody activity has led to the develop-töantibody could be detected in sera from allergic ment of a widte ränge of methods for the determina-patients büt no clear correlation was found between tion of total or specific IgE in seruin. More recently, the anti-IgE titre and the serum levels of IgE. a new area of interest has emerged with the finding of high molecular weight forms of IgE in the sera of Inganäs et al. (5) found an IgG-type antibody directed patients with the different allergic disorders (l, 2). against IgE in the sera of allergic individuals. These Specific IgE comptexes and Symptoms ofasthma were autoantibodies were partly blocked by endogenous also produced by oral challenge with food allergens IgE, indicating the presence of IgE-containing im-(3). In the early eighties, Williams et al. (4) found mune complexes in serum.
The composition of these high molecular weight forms of IgE is probably variable. They may be aggregated IgE, immune complexes of IgE with the allergen, immune complexes of IgE with anti-IgE antibodies, or immune complexes of the allergen with both IgG and IgE. The biological and pathological significance of these IgE-containing complexes is unclear. The few studies performed so far suggest that IgE complexes might play a pathogenic role in atopic (6, 7) , rheumatic (8, 9) and infectious diseases (10) .
The study of the significance of these IgE complexes is partly limited by the availability of a rapid and simple technique for their determination. The ultracentrifugation and gel filtration methods used in the above-mentioned studies are time-consuming and unsuitable for screening a large number of samples. The possibility of measuring IgE immune complexes by a polyethylene glycol precipitation method has also been evaluated (11) , but due to the low and variable precipitability of IgE complexes in polyethylene glycol, theif exact quantitation by this method is probably impossible.
In this paper, we describe a simple and very sensitive assay for measuring circulating IgE-containing complexes. The same technique applied after pepsinic digestion of the γ-globulin fraction of the serum can also be used for the determination of total IgE. Using these two methods, we have studied the occurrence of IgE complexes and their relationships with total IgE in serum from both healthy subjects and patients with atopy.
Materials and Methods

Reagents
Polystyrene latex particles (0.8 μηι in diameter 10% Suspension, ESTAPOR K 109) were supplied by Dr /. C. Daniel, Rhone Poulenc Industries, Aubervilliers, France. The particles were used directly without washing.
Rabbit immunoglobulins against human IgE (ε-chaiii specific) were obtained from Dakopatts Immunoglobulin, Copenhagen (lot 101B) and from Tago, Burlingame, CA 94101 (lot 040701). A pool of IgE-rich sera, calibrated by radioimmunoassay, was used s Standard.
The glycine-buffered saline used throughout the assay was prepared by diluting 10 times a stock solution containing per liter, l mol of glycine, 1.7 mol f NaCl and 76 mmol of NaN 3 and adjusting the pH to 9 with NaOH. The same stock solution but adjusted to pH 10.1 was used for the stabilization of antibody-coated particles. Rheumato'id factor activity was determined by the Behring (Marburg) latex agglutination test.
Procedure
Adsorption of the antibody to the particles Sixty (for particle counting) or eighty (for turbidimetry) microliters of the anti-IgE DAKO antibody are diluted with 4ml of glycinerbuffered saline, and 0.5 ml of the 10% latex Suspension is then added under eontinuous agitation. The mixture is incubated for l h at room temperature with slight agitation to maintain the particles in Suspension (e. g. pn a tube rotator). The particles are then centrifuged (20000g for 10 min) and washed twice with 10 ml of a 0.1 mol/1 NaCl solution containing 15 mmol/I NaN 3 . Resuspended in 10 nil of this saline solution and stored at 4 °C, this stock of antibody-coated particles can be used for at least 6 months. ' r
Preparation of the serum samples
After the appropriate treatments described below, the sera are diluted in glycine-buffered saline containing l g/l of bovine serum albumin (Sigma Chemical Co, St Louis, ΜΙ)> adjusted to pH 9 (particle counting) or 9.6 (turbidimetry).
1. Determination of IgE-containing complexes For this assay, the sera are diluted at least 400 times. At this dilution, complement and chylomicrons do not interfere (12) . IgE-containing complexes were assayed in 14 sera positive for rheumatoid factor (titre between 20 and 640). The highest IgE complex value (540 arbitrary units) was observed in a serum with a latex titre of 160, while two sera with the highest latex titre (640) had IgE complex values just above the limit of normal (470 and 460 arbitrary units/l). The other sera had IgE complex values within normal limits. the interference of rheumatoid factor in the assay of IgE complexes therefore appears very unlikely.
Determination of total IgE
The concentration of total IgE is measured after pepsin digestion of the γ-globulin fraction of the serum prepared s follows (13) : the serum is diluted twice at 0 °C with a saturated solution of ammonium sulphate and centrifuged at 10 000 g for 10 min. The pellet is washed twice at 0 °C with 1.75 mol/1 ammonium sulphate and fmally dissolved in 0.2 mol/1 sodium acetate pH 4.5. The immunoglobulins are digested with pepsin (Sigma Chemical Co) at a final concentration of 0.5 g/l for 24 h at 40 °C. To inactivate the enzyme, the pH is increased to 9 by adding 2 volumes of the glycine-buffered saline stock buffer pH 10.1 (see above) to 10 volumes of the solution.
Stabilization of the latex particles'
Just before the assay, latex particles from the stock preparation are resuspended and 0.5 ml are pipetted into a solution containing 50 mg of bovine serum albumin (Calbiochem, No. 126601, pH 7 in distilled water) in 4 ml of distilled water. The latter solution is freshly prepared in order to ensure a reproducible adsorption of bovine serum albumin to the latex. The latex Suspension is then sonicated for 10 min (Branson Sonifier B12, Branson Sonic Power Co, Danburry, CT 06810) and its pH is increased to 10 by adding 0.5 ml of the glycine-buffered saline stock buffer pH 10.1.
Assay
Two methods, particle counting and turbidimetry, were used to quantify the agglutination pf latex particles.
Particle counting
In this method, the agglutination is measured by counting the remaining unagglutinated particles s first proposed by Cambiaso et al. (14) . The assay is performed automatically using a eontinuous flow System. The equipment, described in detail in I.e. (12), consists of six mod les: a sampler which aspirates simultaneously the sample and latex particles, a peristaltic pump, a thermostatic bath, a manifold (all from Cenco Instruments, Breda, The Netherlands),
an optical cell counter (Technicon Instruments Tarrytown, NY 10591), and a recorder. The System has a throughput time of about 40 min and a sampling rate of 40/h.
Turbidimetry
The agglutination of latex particles can also be quantified by measuring the decrease of absorbance of the latex Suspension at 360 nm (l 5). The method is manual. Aliquots of sera (50 μΐ) diluted in the glycine-bufTered saline (containing l g/l of bovine serum albumin) are pipetted into glass test tubes. Stabilized anti-IgE latex (50 μΐ) is added to each tube and rapidly mixed, then the mixture is incubated at 40 °C for 60 min in a shaking water bath (50 min" 1 , 5.5 cm amplitude). For the determination of total IgE, a serum blank is included containing 50 μΐ of the sample and 50 μΐ of the albumin solution (in glycine-buffered saline pH 10.1) used to stabilize the latex. Incubation is stopped by adding l ml of 0.27 mol/1 NaCl solution containing l ml of Tween 20 per litre. The decrease in absorbance at 360 nm is measured with a Beckman spectrophotometer. Each tube is gently inverted 1-2 times before transferring its content to the cuvette (l cm light path).
Other methods
The Phadebas IgE FRIST (Pharmacia Diagnostics AB, Uppsala, Sweden) was used for the determination of total IgE in serum. In the distribution studies, serum samples were chromatographed on a column (100 χ 1.6 cm) packed with Sephadex G-200 Fine (Pharmacia Fine Chemicals Uppsala, Sweden) and equilibrated with 50 mmol/1 Tris-HCl buffer, pH 7.4, containing 0.2 mol/1 NaCl and 0.2 g/l NaN 3 . One ml fractions were collected and the distribution of IgE was measured by the latex assay. Protein A was also obtained from Pharmacia Fine Chemicals.
Results
Agglutination curves
Figure l shows agglutination curves obtained by incubating anti-IgE-coated latex particles with increasing dilutions of a serum containing 1000 kIU/1 IgE before and after digestion of the γ-globulin fraction by pepsin. As shown below, in untreated serum the particles are agglutinated by complexes containing IgE. When the Fc" fragment is released from these complexes, the agglutination is substantially reduced. Figure l also shows that the particle counting re ding is more sensitive than turbidimetry by a factor of about 2. The latter method however is sufficiently sensitive to measure IgE in normal sera.
Specificity of the test
IgE complexes
When sera are chrpmatographed on a Sephadex G200 column, the agglutination of anti-IgE-coated latex is always distributed in two peaks ( fig. 2 a) : a large peak eluting at the void vol ine followed by a smaller peak corresponding to IgE. When the percentages of agglutination are converted in concentrations units, more than 90% of IgE detected by this agglutination lest is present in high molecular weight complexes. We first questioned the specificity of the antibody but the latter has been checked by the peroxidase technique in tumour lymphoid tissue and by the EL-ISA method (personal communication from the supplier). No agglutination is observed when the antiIgE latex is incubated with purified IgM or IgG. Furthermore, the agglutination of anti-IgE-coated latex by these complexes is completely abolished by pretreating the serum with anti-IgE. These data confirm that the agglutination is really due to IgE entrapped in these complexes.
Several other tests were performed in order to better defme the nature of these IgE-containing complexes. IgE complexes are partly heat labile. The agglutination is reduced by about 50% following heating at 56 °C for 30 min, which is in agreement with the known heat instability of IgE. IgE-containing complexes were not substantially precipitated by polyethylene glycol at a concentration of 4%. This agrees with the observation of Djurup et al. (11) 1). In some sera (e.g. Nos. l, 2, 7), this treatment has little or no efiect on the amount of IgE complexes. The latter probably consist of immune complexes between an allergen and IgE. By contrast, in 2 other sera (Nos. 6 and 8), the level of IgE complexes is drastically reduced by the pretreatment with protein A. It is very likely that these dcfmplexes are mainly formed from IgE and IgG anti-IgE antibodies and that they contain no allergen. This explanation would be consistent with the fact that the IgE level of both sera äs measured by FRIST was normal. But it is also possible that these protein A-binding IgE complexes are immune complexes between both IgG and IgE antibodies and that the antigen stimulated their production. In that case, the simultaneous preseiice of high levels of IgG relative to IgE would prevent the antigen from behaving äs a true allergen. Fhially, we also cornpared the anti-IgE antibody from Dako with that from Tago for the determination of IgE complexes in 15 sera. The results obtäined using these two antibodies were highly correlated (r =· 0.97).
Total IgE
When the -globulin fräction of the serum is digested by pepsin and separated on Sephadex G-200, the void volume agglutination peak and the IgE peak disappear almost completely (flg. 2 b). A broad agglutination peak is observed corresponding to the Fc" fragment of IgE. Thus, under these conditions, the method measures the total amount of IgE present in the serum, i.e. both monomeric IgE arid IgE entrapped in immune complexes.
Analytical variables
When purified IgE (final concentration of 7 mg/1) was added to 10 different sera with low and high levels of IgE complexes, the recovery (tested 24h later without no pepsin digestion) was 99.2% (SD: 16.7%). For the assay of total IgE (pepsin digestion), 10 sera containing 89 to 350 kIU/1 were mixed with an aliquot of an IgE-rich serum to increase their concentrations by 170 kIU/1. The mean recovery was 108,4% (SD: 13.9%). The within-run precision for the determination of IgE complexes or of total IgE was that of the automated System described pre* viously, i. e. 5 to 10%. The CV obtäined by analysing IgE complexes in a serum pool 25 times over 6 months was 13.4%. Total IgE was measured 4 times over 2weeks in 5 sera containing from 50 to 1000 kIU/1 and the mean CV was 12.5%. Relationship between IgE (RIA) and total IgE measured by latex immunoassay Figure 3 shows the correlation between RIA (FRIST) and latex immunoassay (pepsin digestion) for the assay of IgE in 83 serum samples. The latex technique yields a higher number of positive results than RIA. For instance, if the geometric mean + 2 geometric SD is used äs cüt off value, 8 sera are found to be positive by latex immunoassay against only 2 by RIA. In the case of the two samples represented by a triangle, the presence of high levels of IgE (Fc" fragment) was confirmed by ehrpmatpgraphy on Sephadex G-200. The profile obtained with one of these two samples (C.L.) is shown in figure 2 . It is also interesting to note that in apparently healthy subjects, the values of IgE determined by latex immunoassay are frequently 2 to 3 times higher than those obtained by RIA. In contrast to RIA, we never obserVed IgE concentrations below 50 kIÜ/1 in the latex immunoassay. A possible explanation for this discrepancy is the fact that the sandwich technique used in the Phadebas IgE FRIST cannot detect IgE entrapped in circulating immune complexes and thus underestimate the total IgE concentratioü in serum.
Relationship between IgE (RIA or latex immunoassay after pepsin digestion) and IgE complexes in serum
The concentrations of IgE complexes and of IgE (assayed by FRIST) were measured in 106 sera from non atopic subjects or from patients with signs of allergy. As shown in figure 4 , high levels of circulating IgE complexes are found in sera with high, normal or even very low IgE (FRIST) concentrations. In subjects with increased serum IgE (> 200 kIU/1), the concentrations of IgE complexes are in most cases (83%) elevated and on the average correlated with that of serum IgE. Similar observations were made when comparing IgE complexes and the IgE concentration in serum äs determined by latex immunoassay after pepsin digestion (results not shown).
Discussion
The method described in this paper for measuring IgE-containing complexes relies on the agglutination by these complexes of calibrated particles coated with an anti-IgE antibody, specific for the -chain. Although relying on the same principle äs the assay describing in this paper, the PACIA method measures directly the concentration of total IgE in serum without any interference from IgE-containing complexes. This difference cannot be ascribed to the use of F(ab')2 fragments of anti-IgE on the latex particles in the PACIA method. We also prepared F(ab')2-coated latex particles but no difference was observed in their agglutinability by IgE complexes. A likely explanation for this discrepancy between the two assays is that the various additives used in combination in the PACIA method (i. e. NaCl at half Saturation and 6% PEG) might eliminate the IgE complexes and also decrease the electrostatic repulsions of the IgE arms. The pepsin treatment is time eonsuming but it offers the advantage of an accurate estimation of the total IgE present in serum, which includes free IgE and IgE entrapped in immune complexes. This is probably the reason why the IgE values obtained after this treatmerit are higher than those observed with the FRIST method particularly in the low concentration ränge: The pepsin digestion also successfully eliminates the rheumatoi'd factor and the complement which are common sources of interference in latex agglutination techniques.
The biological significance of IgE complexes and hence the relevance of their determination is unclear. They are present in small amoünts in sera from all the appärently healthy subjects we have tested so far. High levels are frequently ässociated with elevated concentrations of total IgE. But they may also be found in sera from asymptömatic subjects with low levels of IgE. The experiment with protein A indicätes that the composition of IgE complexes is variable. It is very likely that the IgE complexes found in the sera from atopic patients contain specific IgE and the allergen. However, IgG or IgM antibodies directed against the allergen or IgE itself (autoantibodies) may also be present.
Furtherfnore, äs complement can be actiVated by IgE (18) or by immunoglobulins of other classes involved in the complexes, complement components may also be part of the IgE-containing complexes.
